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No easy solution for the fractionation of faecal nitrogen in
captive wild herbivores: results of a pilot study
Abstract
Faecal nitrogen (FN) concentration is used as a marker for habitat quality and digestive efficiency in
free-ranging herbivores. In herbivores, FN can be separated into undigested plant N (analysed as the N
concentration of the neutral detergent residue) and metabolic faecal N (MFN). It has been suggested that
by differential analysis of the faecal fibre-bound N, the MFN fraction can be further split into a bacterial
N and an endogenous N fraction [Hesta et al., Br. J. Nutr. 90 (2003) 1007]. We applied these methods to
96 faecal samples of 48 mammalian herbivore species from zoos. Species were grouped into
coprophageous and noncoprophageous hindgut fermenters and ruminating and non-ruminating foregut
fermenters. Diet was not controlled. The FN decreased with body mass, possibly reflecting higher
proportions of concentrates in diets of smaller animals. The proportion of MFN increased with FN,
indicating that higher quality food might enhance the gastrointestinal bacterial flora. The only outlier to
this pattern was the lesser panda (Ailurus fulgens), confirming the low relevance of fermentative
digestion in this herbivorous ‘carnivore'. No relevant differences between the four digestion types were
noted. The proportion of endogenous faecal N (32-80% of FN) was always higher than that of bacterial
faecal N (7-30%), which contradicts basal understanding of herbivore digestive physiology. Thus, the
method of Hesta et al. (2003) does not appear applicable to herbivores. While the results do not exclude
the possibility that detailed differences might occur between digestion types, they indicate a high degree
of similarity between herbivores that rely on bacterial fermentation, regardless of their digestion type,
with respect to metabolic faecal losses.
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Summary Faecal nitrogen (FN) concentration is used as a marker for habitat quality and 
digestive efficiency in free-ranging herbivores. In herbivores, FN can be separated into 
undigested plant N (analysed as the N concentration of the neutral detergent residue) and 
metabolic faecal N (MFN). It has been suggested that by differential analysis of the faecal 
fibre-bound N, the MFN fraction can be further split into a bacterial N and an endogenous N 
fraction [Hesta et al. 2003, Br. J. Nutr. 90, 1007-1014]. We applied these methods to 96 faecal 
samples of 48 mammalian herbivore species from zoos. Species were grouped into 
coprophageous and non-coprophageous hindgut fermenters and ruminating and non-
ruminating foregut fermenters. Diet was not controlled. The FN decreased with body mass, 
possibly reflecting higher proportions of concentrates in diets of smaller animals. The 
proportion of MFN increased with FN, indicating that higher quality food might enhance the 
gastrointestinal bacterial flora. The only outlier to this pattern was the lesser panda (Ailurus  
fulgens), confirming the low relevance of fermentative digestion in this herbivorous 
“carnivore”. No relevant differences between the four digestion types were noted. The 
proportion of endogenous faecal N (32-80 % of FN) was always higher than that of bacterial 
faecal N (7-30 %), which contradicts basal understanding of herbivore digestive physiology. 
Thus, the method of Hesta et al. (2003) does not appear applicable to herbivores. While the 
results do not exclude the possibility that detailed differences might occur between digestion 
types, they indicate a high degree of similarity between herbivores that rely on bacterial 
fermentation, regardless of their digestion type, with respect to metabolic faecal losses.
Key words herbivory, digestion, protein, nitrogen, bacteria, metabolic faecal nitrogen, 
endogenous losses, metabolic losses
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Introduction
The analysis of faeces for nitrogen (N) has been widely used as an indicator of habitat 
quality (e. g. Sinclair et al. 1982; Chapman et al. 2005), or of digestive efficiency (e. g. 
Mésochina et al. 1998; Lukas et al. 2004), for a long time. The underlying theory is that in 
herbivores, who always rely on the fermentative action of symbiotic gut bacteria, faecal N 
concentration reflects mainly the faecal bacterial concentration, which is higher the more 
digestible the diet is.
It has been postulated that the accuracy of this analysis might be increased by separating 
residual (undigested) food N from metabolic faecal N (MFN, consisting of bacterial and 
endogenous nitrogen). MFN is usually determined as the difference between faecal N (FN) 
and the N concentration in the faecal neutral detergent fibre (NDF) (Mason 1969). The N 
bound to the cell wall fraction (NDF residue) in the faeces (NDF-N) is considered to be of 
plant origin and, due to its binding to cell wall components, unavailable for the animal. In 
contrast, N from bacteria and endogenous losses will not be bound to the faecal cell wall 
fraction. The important assumption of this theory is that any forage-derived N that is not 
bound to the cell wall fraction of the forage will have been digested, either by the gut bacteria, 
or by the host organism itself.
The assumption that the difference between FN and NDF-N reflects mainly N derived 
from bacteria has been empirically supported by comparisons of the calculated MFN with 
results from analyses aimed directly at bacterial components, such as purines/ribonucleic acid, 
bacterial diaminopimelic acid, or microscopic bacterial counts (Mason 1979; Mass et al. 
1999), and in one herbivore study, MFN was correlated to faecal volatile fatty acid 
concentration (Clauss et al. 2005). Given that the effort required for other analyses is higher 
than that of the routine NDF and N analyses, NDF-N is considered an attractive alternative for 
the determination of MFN.
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It has been suggested that FN can further be separated into N of plant, bacterial and host 
animal origin by the use of an additional, modified NDF analysis, for which N is determined 
in the residues of the NDF procedure with or without the use of sodium dodecyl sulphate as 
ingredient of the detergent solution (Hesta et al. 2003). Such an easy way to differentiate 
between the different N fractions in the faeces of herbivores would be a promising tool for the 
study of herbivore nutritional ecology. The method was applied during a feeding trial with 
plains viscachas (Lagostomus maximus) (Besselmann 2005; samples analysed by the 
Laboratory of Animal Nutrition of Ghent University, Belgium; cf. Table 1) and appeared to 
reflect changes in dietary quality, with lower proportions of plant- and bacteria-derived N on 
a grain-based as compared to a forage-only diet; it was speculated that the higher proportion 
of endogenous protein might reflect an increased secretion of digestive enzymes due to the 
increase in dietary starch concentration. The low proportion of allegedly bacteria-derived N in 
these animals (7-28% of FN) appeared to be consistent with the digestive strategy of 
viscachas: these animals are coprophageous (Clauss et al. 2007a). Coprophageous animals 
selectively retain gut bacteria in their caecum (Takahashi and Sakaguchi 2000, 2006) by a 
variety of colonic separation mechanisms (Hume and Sakaguchi 1991), in order to excrete 
them in the caecotrophic faeces that are then re-ingested; hence, a low excretion of bacterial 
protein would be expected in coprophageous animals. Actually, a low absolute FN excretion 
has been used as a criterium to decide whether a species is coprophagic or not (González-
Jiménez and Escobar 1975).
In order to test the suitability of this method for the comparative evaluation of digestive 
strategies in herbivores, we performed a study on the FN fractionation of zoo herbivores, 
using the method of Hesta et al. (2003), without especially controlling for the diets fed. In 
particular, we predicted that
1. Faeces from coprophagic hindgut fermenters (caecum fermenters, such as 
rodents) should contain less total N, less MFN and less bacterial N than faeces from 
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non-coprophageous hindgut fermenters (e.g. equids), because N is selectively recycled 
via coprophagy.
2. Certain non-ruminating foregut fermenters that lack a distal fermentation 
chamber in the colon (i. e., hippopotamuses, sloths) should excrete less MFN and 
bacterial N than foregut fermenters with a distal fermentation chamber (e. g. 
ruminants, colobine monkeys, macropods, peccaries) or non-coprophageous hindgut 
fermenters (cf. Schwarm et al. 2006). 
Methods
Ninety-six faecal samples from 48 mammalian herbivore species (see Table 2) were used 
for this study. Samples were taken in five different zoological institutions. Species were 
classified as either coprophagic (rodents) or non-coprophagic hindgut fermenter (primates and 
ungulates) or ruminating (artiodactyls) or non-ruminating foregut fermenter (primates, sloth, 
macropods, artiodactyls) according to Stevens and Hume (1995) and the herbivorous 
carnivore, the lesser panda (hindgut fermenter). If possible, individual faecal samples were 
used; especially in the smaller species, group samples had to be taken. The number of 
(individual or group) samples from which the species average was calculated is given in Table 
2. The diet of the animals was not controlled and consisted of the diet usually fed to them at 
their respective institution, with varying proportions of forages, fruits, vegetables, or 
concentrate feeds. The components of the individual diets are listed in Table 2.
Fresh faeces were either stored frozen until further processing, or were dried at once. 
Fresh or thawed faeces were oven-dried at 60 °C (higher temperatures are not recommended 
for the determination of N in detergent residue; Van Soest 1994) to constant weight and 
subsequently ground with a laboratory mill (A11basic, IKA, Staufen, Germany). Subsamples 
of each sample were used to determine (in duplicate) the residual water concentration (by 
drying at 103°C), the crude ash concentration (by burning at 550°C in a muffle furnace) 
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(Bassler 1976), and the nitrogen concentration with the Dumas method in a Elementar rapid N 
III Analyser (Elementar Analysensysteme, Hanau, Germany). Using an Ankom200 Fiber 
Analyzer (ANKOM Technology, Macedon, NY, USA), detergent analysis was performed 
with or without SDS with four faecal subsamples each. The “regular” NDF (inclusive residual 
ash) was produced by boiling the subsamples 75 minutes in the solution described by Van 
Soest et al. (1991) with sodium dodecyl sulphate (SDS, Carl Roth, Karlsruhe, Germany, 
catalogue no. CN30.3, 60 g), EDTA disodium salt dihydrate (C10H14N2Na2O8 ۰ 2H20, Roth no. 
X986.2, 34 g), disodium tetraborat-decahydrate (Na2B4O7 ۰ 10H2O, Roth no. T880.2, 14 g), 
disodiumhydrogenphosphate  (Na2HPO4, Roth no. T876.2, 10 g) and 2-ethoxyethanol 
(C4H10O2, Roth no. 5127.1, 20 ml) as ingredients of the solution (dissolved in 2l distilled 
water); before boiling, sodium sulfite (Na2SO3, Roth no. 8637.1, 20 g) and alpha-amylase 
(Ankom Technology, 4 ml) (McQueen and Nicholson 1979) were added. After this treatment 
the residues were rinsed with water (two times for 5 minutes with boiling water plus 4 ml 
alpha-amylase, a third time without the enzyme) and subsequently with acetone to accelerate 
the drying process. For the detergent analysis without SDS the samples were submitted to a 
similar boiling procedure, but, according to Hesta et al. (2003), without the sodium dodecyl 
sulphate ingredient in boiling solution; according to these authors, the residue thus produced 
should still contain bacterial N. Two samples of each NDF residue were ashed at 550°C to 
correct for anorganic substances in the NDF residue; another two samples were used for N 
analysis as described above. The different FN fractions were thus calculated according to the 
following equations:
NForage = NDFSDSN
MFN = FN – NDFSDSN
NBacteria = NDFwithout SDSN – NDFSDSN
NAnimal = MFN – NBacteria
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With FN(%)=faecal nitrogen, NForage(%)=undigested food N, MFN(%)=metabolic faecal N 
consisting of bacterial (NBacteria) and endogenous N (NAnimal), NDF N(%)=N in the neutral 
detergent residue after analysis with SDS (NDFSDSN) or without SDS (NDFwithout SDSN).
The body mass of the different species (Table 2) was either estimated in the individuals 
from which the samples derived, or were taken from various sources from the literature. 
Species were classified into digestion types (coprophageous and non-coprophageous hindgut 
fermenters, ruminating and non-ruminating foregut fermenters) according to Stevens and 
Hume (1995).
As a plausibility test, the OM digestibility was calculated on the basis of FN using 
equation 1 from Lukas et al. (2004). As body mass was significantly different from normal 
distribution, it was natural logarithm (ln)-transformed. Differences in absolute N 
concentrations (% of organic matter [OM]) between digestion types were analysed by 
univariate analysis of covariance (ANCOVA, with digestion type as fixed factor and body 
mass as covariate); differences in relative N concentrations (% FN) were analysed by 
univariate ANCOVA (with digestion type as fixed factor and FN [% OM] as covariate); these 
analyses were performed with subsequent post-hoc tests with Sidak-adjustment. In order to 
characterise the relationship between the dependent variable and the covariate, the 
model parameter b is given. It is the coefficient of the covariate in the ANCOVA model 
and can be interpreted as the mean slope of the covariate for the four digestion types in 
regression models between the dependent variable and the covariate. All analyses were 
performed with SPSS 16.0 (SPSS Inc., Chicago, IL, USA). The significance level was set to 
0.05. Results are displayed as species and group means (± standard deviation).
Results
The results are summarized in Table 3 and 4. The OM digestibility calculated on the 
basis of equation 1 from Lukas et al. (2004) ranged from 46-80%. As these values are within 
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the range expected for herbivores, the data were considered plausible. In all digestion types, 
the proportion of animal (i.e., endogenous) faecal N (32-80 % FN) was always higher than the 
proportion of bacterial faecal N (7-30 % FN), which contradicts basal understanding of 
herbivore digestive physiology.
ANCOVA revealed a decrease of FN (% OM) with increasing body mass (model 
parameter for body mass: b=-0.4, p<0.001; Fig. 1). FN (% OM) differed (p=0.030) between 
coprophagic hindgut fermenters and nonruminant foregut fermenters, but not between other 
pairs of digestion types (Table 4). 
Post-hoc comparisons of the digestion types yielded differences (p=0.003) in the residual 
dietary (forage) N (% OM) between coprophagic hindgut fermenters and ruminant foregut 
fermenters, but not between other pairs of digestion types. The respective analysis with MFN 
(% OM) instead of N (% OM) as dependent variable did not yield significant differences 
between the digestion types (Table 4). 
ANCOVA revealed an increase of MFN (% FN) with increasing FN (% OM) (model 
parameter for FN [% OM]: b=2.8, p<0.001) (Fig. 2). The MFN constituted between 65 and 91 
% of FN. The proportion of MFN (% FN) differed (p=0.009) between coprophagic hindgut 
fermenters and ruminants but was not significantly different between other groups (Table 4). 
If the respective ANCOVA was applied to three groups - the non-ruminating foregut 
fermenters that lack a distal fermentation chamber in the colon (i. e., hippopotamuses, sloths), 
the foregut fermenters with a distal fermentation chamber (e. g. ruminants, colobine monkeys, 
macropods, peccaries), and non-coprophageous hindgut fermenters (e.g. equids), then no 
significant difference in their proportion of MFN (% FN) was found (p=0.102, Table 4).
As a mirror image to the positive relationship between MFN (% FN) and FN (% OM), 
ANCOVA revealed a decrease of  NDF-N (% FN) with increasing FN (% OM) (model 
parameter for FN [% OM]: b=-2.8, p<0.001). The only outlier to this pattern was the lesser 
panda with a MFN concentration of 45 % FN (Fig. 2). Again, the proportions of residual 
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dietary N (% FN) differed (p=0.009) between coprophagic hindgut fermenters and ruminants 
but were not significantly different between other groups (Table 4).
For the two measurements that should, in theory, separate the MFN fraction further, 
there was no correlation between the proportion of bacterial N and FN (model parameter for 
FN [% OM]: b=0.6, p<0.139). Unlike the bacterial N,  endogenous N (or animal N) relates 
linearly to FN (model parameter for FN [% OM]: b=2.2, p<0.004). In contrast to expectations, 
the faeces from coprophagic hindgut fermenters (caecum fermenters, such as rodents) 
contained a higher proportion of bacterial N (% FN) than the other groups (ANCOVA, 
p<0.001 in all pair-wise post hoc comparisons) while there was no difference between the 
digestion types in the proportion of endogenous N (% FN) (ANCOVA, test result for 
“digestion type”: p=0.238) (Table 4). 
Considering only the primates (with the digestion types foregut and hindgut fermenters), 
levels of FN (% OM) differed between hindgut and foregut fermenters (p=0.016) (ANCOVA 
with FN as dependent variable, digestion type as factor and body mass as covariate), whereas 
these groups did not differ significantly concerning MFN (% OM) (p=0.075) (respective 
ANCOVA with MFN (% OM) as dependent variable). No difference (p=0.910) could be 
found between them in their relative proportion of MFN(% FN), but the proportion of 
bacterial N showed a difference (p=0.004) (ANCOVA with MFN(% FN) or bacterial N, 
respectively, as dependent variable, digestion type as factor and FN [% OM] as covariate) 
(Table 4). The latter results might, however, potentially be due to the small sample size (4 
species in each group).
Discussion
Our results indicate that the method of Hesta et al. (2003) does not appear suitable for 
the differentiation of the endogenous and bacterial fractions of MFN in herbivore faeces. In 
particular, the method that is supposed to yield data on the proportion of bacterial N in the FN 
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most likely underestimates this proportion considerably in herbivores. Ideally, the results of 
this study should have been supplemented by additional data on indicators of bacterial matter 
in the faeces, such as mentioned in the introduction. While this was beyond the scope of this 
study, a comparison with literature data suggests that in the faeces of herbivores, a 
distinctively higher proportion of bacterial N (in FN) is to be expected than presumably 
measured here. Summarizing work by Mason (1969, 1979), Van Soest (1994) states: “The 
largest sources of microbial matter in ruminant feces are the indigestible cell walls from 
rumen bacteria plus cells from fermentation in the lower tract. Whole bacteria are probably 
more significant in non-ruminant feces. Endogenous excretions have been fermented to an 
undetermined extent such that the separation of endogenous (nonmicrobial) and microbial  
matter in feces is not of much physiological significance. Endogenous matter forms only 10-
15 % of the metabolic fraction.” The results in Table 1 and 3 are at severe odds with this 
finding. This means that with the method used (Hesta et al. 2003, this study), a relevant 
proportion of bacterial N must be not only in the NDFwithout SDSN residue, but also extracted in 
the NDFwithout SDSN eluate. In other words, the addition of SDS cannot be the only factor 
responsible for the removal of bacterial protein during the detergent fibre analysis. Further 
methodological work should elucidate what fraction of the gut microflora is actually retained 
by the method of Hesta et al. (2003), and whether its results can be useful on a comparative 
level in carnivores. One possible reason for a difference in the suitability for herbivores and 
carnivores could lie in the proportion of Gram-positive and Gram-negative bacteria in the 
microbial flora. Due to differences in cell wall structure, these two groups differ in their 
susceptibility to lysis by different chemicals such as detergents (Baker et al. 1941) or to 
lysozymes (Domíngues-Bello et al. 2004), with Gram-positive organisms usually being more 
susceptible. As Gram-positive bacteria represent the major part of the fibre-degrading 
microflora (Stewart et al. 1997, Dehority 2003), it can be assumed that they represent a larger 
proportion of the overall microflora in herbivores than in carnivores.
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On the other hand, the measure of metabolic faecal nitrogen, first introduced by Mason 
(1969), yielded results (Table 1, 3) that are in accord with the findings of Mason (1969, 
1979), the interpretation of Van Soest (1994), and similar investigations on captive wild 
herbivores (Clauss et al. 2005; Clauss et al. 2006; Schwarm et al. 2006; Clauss et al. 2007b), 
with values for MFN (as % FN) ranging between 72-97 in sheep, 72-84 in rhinoceros and 61-
73 in hippopotamus, and in free-ranging elephants with MFN (as % FN) values between 62-
74 (calculated from Seydack et al. 2000, using ADF-N in faeces as NDF-N was not 
measured in that study). Given the validation of this method (see Introdcution), the MFN 
data therefore appear reliable indicators of the proportion of mainly bacteria-derived N in the 
faeces of the herbivores investigated.
While the fact that the majority of the MFN consists of bacterial N is not questioned in 
the literature, it is yet unclear where this bacterial N originates from, particularly in foregut 
fermenters, including ruminants. In foregut fermenters, bacterial N from the forestomach 
(rumen in ruminants) can either be digested in the small intestine, serve as substrate for 
bacterial fermentation in the hindgut and then be excreted as bacterial N that “originates” 
from the hindgut, or be excreted without further modification in either the small intestine or 
the hindgut. Van Soest (1994) states that: “The microbial cell walls [of ruminal origin] have 
been suggested as possible substrates for refermentation in the lower tract. My own opinion 
is that microbial cell wall is not an important lower tract substrate. It is far more likely that  
the large proportion it forms of fecal nitrogen in ruminant feces indicates its resistance to 
degradation.” On the other hand, Mason and Milne (1971) and Mason and White (1971) 
produced experimental evidence in sheep that bacterial cell walls and mucopeptides 
synthesized in the rumen were extensively degraded in the caecum and colon. To our 
knowledge, this matter is still unsolved. We had predicted that those species without a 
separate fermentation chamber in the hindgut (hippopotamus, sloth) should have lower MFN 
due to the presumed absence of bacterial activity beyond the small intestine. In contrast to the 
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comparison made by Schwarm et al. (2006) of data on hippopotamus with literature data, no 
difference between hippos/sloths and other foregut fermenters that also have a distal 
fermentation chamber were evident in our dataset. Therefore, if this aspect of comparative 
herbivore physiology should be further investigated, controlled feeding studies using identical 
feeds for all herbivore groups should be performed.
Correlations between measured parameters and estimated body mass in our dataset are 
probably effects of differences in diets offered to small and large animals in a zoo setting, 
with larger animals receiving a higher proportion of (less easy to digest) roughages. In 
contrast, smaller animals such as primates, small ruminants or sloths are usually offered diets 
with a higher proportion of easier-to-digest fruits, vegetables and concentrate feeds. Thus, 
because FN has been shown to correlate with overall diet digestibility in a variety of species 
(Hodgman et al. 1996; Mésochina et al. 1998; Boval et al. 2003; Lukas et al. 2004), the 
decrease in FN with body mass (Fig. 1) most likely reflects this difference in the diet offered 
and underlines that physiological comparisons have to be made on a similar diet fed to all 
animals. In practice, however, due to varying acceptance of different food items by animals of 
a high taxonomic variety as in this study, this might be very difficult to achieve.
The correlation between the FN and the MFN (Fig. 2) also underlines that diets of a 
presumably higher digestibility (leading to higher FN) also enhance bacterial growth 
(increasing MFN); therefore, we have to suspect that any other correlation in our dataset, such 
as between body mass and MFN, would also be an effect of the different diets fed. However, 
it should be noted that in Fig. 2, there is no systematic deviation of certain digestion groups. 
For example, we had predicted that due to the practice of coprophagy, MFN should be 
generally lower in coprophageous hindgut fermenters such as rodents or lagomorphs; no such 
pattern was evident. Similarly, there was no evident systematic difference between ruminants 
and large hindgut fermenters, or between the ungulate herbivores and the primates (Fig. 2). 
The only evident outlier from the general mammalian herbivore pattern in our data collection 
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was the panda. Pandas belong to the taxonomic group of the carnivora, and appear poorly 
adapted to their herbivore diet. The very low fibre digestion coefficients reported for both 
giant (Ailuropoda melanoleuca) and lesser (Ailurus fulgens) pandas (Dierenfeld et al. 1982; 
Wei et al. 1999) can be explained by inefficienct mastication (Sanson 2006), a very fast 
ingesta passage, offering little time for bacterial fermentation (Dierenfeld et al. 1982; Wei et 
al. 1999), and a microbial gut flora that differs from that of other herbivores (Hirayama et al. 
1989; Wei et al. 2007). In correspondence to these findings, the lesser panda investigated in 
this study had only very low levels of MFN (Fig. 2), indicating the low relevance of bacterial 
fermentation in this species.
While subtle difference could be expected between the different digestion types if all 
animals were fed an identical diet, our “rough” data indicate that the different herbivore taxa 
all have evolved a similar degree of efficiency of bacterial fermentation and FN partitioning 
(Fig. 2). Whether this is due to general characteristics of bacterial fermentation, or actually a 
case of convergent evolution via particular, differing adaptations in different herbivore 
species, would have to be investigated in comparative trials in which typical adaptations (such 
as coprophagy in small herbivores, or – more invasively – additional hindgut fermentation in 
foregut fermenters) are artificially prevented.
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Table 1. Mean (± SD) proportion of forage N (=NDFSDSN) and metabolic faecal N (MFN = 
Faecal N – NDFSDSN) in faecal nitrogen (FN) in the faeces of plains viscachas (Lagostomus 
maximus). Additionally, the different N fractions are given in % of FN, including the 
supposedly NBacteria (=NDFwithoutSDSN – NDFSDSN) and NAnimal (=MFN – NBacteria) (see methods 
for details). From Besselmann (2005).
Diet forage N MFN bact. N anim. N
(% FN) (% FN) (% FN) (% FN)
Grass hay only 45 ± 4 55 ± 4 19 ± 4 36 ± 7
Concentrates 30 ± 7 70 ± 7 12 ± 3 58 ± 9
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Table 2. Zoo herbivore species sampled in this study, ordered according to digestion type (coprophageous 
hindgut fermenter, non-coprophageous hindgut fermenter, ruminant foregut fermenter, nonruminant foregut 
fermenter), number (n) of faecal samples, estimated mean body mass (BM, kg), and the zoo diet (GR fresh grass, 
GH grass hay, L lucerne, LH lucerne hay, BR browse, ST straw, W wood/bark, fr fruits, vg vegetables, b sugar 
beet pulp, gr grains/bread/pasta, p pelleted food, i insects, m meat).
Species (Common name) Latin name n BM Diet ingredients
(kg)
Coprophageous hindgut fermenter
Yellow-toothed cavy Galea musteloides 2 1 GH, GR, p, gr, vg, fr
Rock cavy Kerodon rupestris 1 1 vg, fr, p, GR, GH
Guinea pig Cavia porcellus 1 1 GR, fr, vg
Capybara Hydrochoerus hydrochaeris 2 40 GR
Brazilian aguti Dasyprocta leporina 1 3 p, gr, vg, fr, w, GR, i, BR, m
Coypu Myocastor coypus 1 10 GR, vg, fr, p, gr, BR
Non-coprophageous hingut fermenter: primates
White-fronted lemur Eulemur fulvus albifrons 1 3 fr, vg, gr, BR
Mayotte lemur Lemur fulvus mayottensis 1 4 fr, vg, gr, BR
Ruffed lemur Varecia variegata 1 4 fr, vg, gr, BR 
Red ruffed lemur Varecia variegata  ruber 1 4 fr, vg, gr, BR
Non-coprophageous hindgut fermenter: ungulates
Asian elephant Elephas maximus 4 2500 GR
West Indian manatee Trichechus manatus 1 975 vg, GH, GR
Cape hyrax Procavia capensis 1 3 fr, vg, BR, GR
Sardinian dwarf donkey Equus asinus sardinian 2 113 GR, vg, fr, gr
Shetland pony Equus caballus 2 190 GR, vg, fr, gr
Grevy´s zebra Equus grevyi 5 390 GR, ST, gr, b
Black rhinoceros Diceros bicornis 6 1150 LH, GR, BR, GH, L, p
Wild boar Sus scrofa 1 68 vg, gr, m
Babiroussa Babyrousa babyrussa 2 100 vg, fr, gr, m, ST
Ruminant foregut fermenter
Bactrian camel Camelus ferus bactrianus 4 475 GR, vg, b, gr, GH, ST, BR, W
Vicuna Vicugna vicugna 2 50 GR, GH, BR, W, b, p, gr
Lesser mouse deer Tragulus javanicus 1 2 gr, fr, p
Siberian musk deer Moschus moschiferus 1 10 fr, vg
Reeves' muntjac Muntiacus reevesi 1 18 fr, vg
Red deer Cervus elaphus elaphus 1 300 p, gr, GR, GH, BR
European roe deer Capreolus capreolus 3 18 p, gr, GR, GH
Southern pudu Pudu puda 3 10 vg, fr, BR, gr
Reindeer Rangifer tarandus 1 180 p, BR, GH, GR
Giraffe Giraffa camelopardalis 4 900 LH, L, GR, BR, p, gr
Mountain anoa Bubalus quarlesi 2 225 GR, GH, BR, fr, vg
Gaur Bos frontalis 4 625 GR, b
American bison Bison bison bison 3 775 GR, b
Roan antelope Hippotragus equinus 1 270 GR, GH, p
Blackbuck Antilope cervicapra 1 40 gr, p, GH, GR, L, BR
Nilgai antelope Boselaphus tragocamelus 1 300 gr, p, GH, GR, L, BR
Eland Taurotragus oryx 1 750 GR, GH, BR, p
Nonruminant foregut fermenter:  primates, sloth
Nilgiri langur Presbytis johnii 1 23 BR, vg, fr
Asian silvered leaf monkey Presbytis cristatus pyrrhus 3 8 BR, W, vg
Ruwenzori colobus monkey Colobus angolensis ruwenzori 1 8 vg, fr, BR
Western black-and-white colobus monkey Colobus polykomos 1 12 BR, vg, fr
Two-toed sloth Choloepus didactylus 2 8 fr, vg, BR
Nonruminant foregut fermenter: macropods, artiodactyls
Parma wallaby Macropus parma 1 5 GR, vg, fr, gr, p
Red-necked wallaby Macropus rufogriseus 3 17 GR, GH, BR, W, L, p
Red kangaroo Macropus rufus 4 24 GR, GH
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Collared peccary Tayassu tajacu 4 22 vg, fr, p
Pygmy hippopotamus Choeropsis liberiensis 2 237 GR
Common hippopotmaus Hippopotamus amphibius 3 2067 GR, gr
Herbivorous carnivore
Lesser panda Ailurus fulgens 1 5 Bamboo
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Table 3. Mean (± SD) nitrogen (N) concentration in the faeces of different zoo herbivores (for body mass and 
diets see Table 2), measured as faecal N (FN), forage N (=NDFSDSN), metabolic faecal N (MFN = FN – 
NDFSDSN). Values in % of organic matter (OM). Additionally, the different N fractions are given in % of FN, 
including the supposedly NBacteria (=NDFwithoutSDSN – NDFSDSN) and NAnimal (=MFN – NBacteria) (see methods for 
details).
Species FN forage N MFN forage N MFN bact. N anim. N
(% OM) (% OM) (% OM) (% FN) (% FN) (% FN) (% FN)
Coprophageous hindgut fermenter
Yellow-toothed cavy 3.02 0.53 2.49 18 83 20 63
Rock cavy 3.53 0.64 2.89 18 82 27 55
Guinea pig 2.55 0.49 2.07 19 81 30 51
Capybara 1.91 0.57 1.33 30 70 14 56
Brazilian aguti 4.05 0.35 3.70 9 91 17 75
Coypu 3.31 0.84 2.47 25 75 19 55
Non-coprophageous hindgut fermenter: primates
White-fronted lemur 3.00 0.87 2.13 29 71 9 62
Mayotte lemur 3.52 0.85 2.67 24 76 14 62
Ruffed lemur 3.69 0.65 3.04 18 82 13 69
Red ruffed lemur 3.12 0.45 2.67 14 86 14 72
Non-coprophageous hindgut fermenter: ungulates
Asian elephant 1.24 0.35 0.89 28 72 7 65
West Indian manatee 2.80 0.86 1.95 31 69 16 53
Cape hyrax 4.96 1.51 3.45 30 70 13 56
Sardinian dwarf donkey 1.81 0.43 1.38 24 74 16 60
Shetland pony 2.10 0.41 1.69 20 80 16 64
Grevy´s zebra 1.32 0.44 0.88 33 67 13 53
Black rhinoceros 2.49 0.69 1.80 28 72 12 61
Wild boar 2.81 0.37 2.43 13 87 7 80
Babiroussa 3.28 0.80 2.48 24 75 9 67
Ruminant foregut fermenter
Bactrian camel 2.17 0.63 1.54 29 71 12 59
Vicuna 2.53 0.72 1.80 29 71 8 63
Lesser mouse deer 2.76 0.81 1.95 29 71 11 59
Siberian musk deer 4.80 1.66 3.14 35 65 12 53
Reeves' muntjac 5.67 0.91 4.76 16 84 18 66
Red deer 2.55 0.84 1.71 33 67 9 58
European roe deer 4.63 1.12 3.51 24 76 11 65
Southern pudu 4.55 1.28 3.27 28 71 12 60
Reindeer 2.50 0.61 1.89 24 76 9 67
Reticulated and desert-dwelling 
giraffe 2.77 0.85 1.92 31 70 9 61
Mountain anoa 3.09 0.96 2.13 31 69 8 61
Gaur 1.92 0.62 1.30 32 68 11 56
American bison 2.24 0.70 1.54 31 69 11 58
Roan antelope 2.11 0.56 1.55 27 73 7 66
Blackbuck 2.70 0.68 2.02 25 75 11 64
Nilgai antelope 2.52 0.74 1.79 29 71 10 61
Eland 2.67 0.85 1.82 32 68 11 58
Nonruminant foregut fermenter:  primates, sloth
Nilgiri langur 5.00 0.58 4.42 12 88 9 79
Asian silvered leaf monkey 5.30 1.43 3.87 27 73 9 64
Ruwenzori colobus monkey 7.31 0.70 6.60 10 90 17 73
Western black-and-white colobus 
monkey 5.38 0.60 4.77 11 89 10 78
Two-toed sloth 5.76 0.81 4.95 14 86 13 73
Nonruminant foregut fermenter: macropods, artiodactyls
Parma wallaby 2.98 0.85 2.13 28 72 14 58
Red-necked wallaby 2.67 0.76 1.92 28 72 12 60
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Red kangaroo 1.95 0.64 1.31 33 67 11 56
Collared peccary 2.71 0.67 2.04 25 75 12 63
Pygmy hippopotamus 2.40 0.69 1.71 29 71 12 59
Common hippopotmaus 1.29 0.32 0.97 25 75 13 62
Herbivorous carnivore
Lesser panda 1.80 0.99 0.81 55 45 13 32
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Table 4. Statistical comparisons between means (±SD) for different functional herbivore 
groups. Values within a column for a given set of herbivore groups differ significantly.
Digestive group FN forage N MFN forage N MFN bact. N anim. N
(% OM) (% OM) (% OM) (% FN) (% FN) (% FN) (% FN)
Coprophageous hindgut  
fermenter 3.06
a ±0.75 0.57a ±0.16 2.49 ±0.79 20a ±7 80a ±7 21a ±6 59 ±9
Non-coprophageous hindgut  
fermenter 2.78
ab ±1.02 0.67ab ±0.32 2.11 ±0.78 24ab ±6 75ab ±6 12b ±3 63 ±8
Ruminant foregut fermenter 3.07ab ±1.11 0.86b ±0.28 2.21 ±0.91 29b ±4 71b ±4 11b ±3 61 ±4
Non-ruminant foregut fermenter 3.89b ±1.93 0.73ab ±0.27 3.15 ±1.84 22ab ±9 78ab ±9 12b ±2 66 ±8
Non-coprophageous hindgut  
fermenter (no hyrax, primates) 2.53 ±1.14 0.65 ±0.38 1.88 ±0.82 26 ±6 74 ±6 12 ±4 62 ±8
Non-ruminant foregut fermenter 
(no primates, sloth) 2.33 ±0.62 0.66 ±0.18 1.68 ±0.45 28 ±3 72 ±3 12 ±1 60 ±3
Non-coprophageous hindgut  
fermenter primates 3.33
a ±0.33 0.71 ±0.20 2.63 ±0.37 21 ±7 79 ±7 13a ±2 66 ±5
Non-ruminant foregut fermenter 
primates 5.75
b ±1.05 0.83 ±0.41 4.92 ±1.18 15 ±8 85 ±8 11b ±4 74 ±7
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List of figures
Fig 1 Faecal nitrogen (% organic matter, OM) as a function of body mass (kg) of the 
investigated 48 species (correlation coefficient for all species: b=-0.51, p<0.001). 
“Coprophageous hindgut fermenters” are named “caecum fermenter”. The “non-
coprophageous hindgut fermenters” are separately displayed as “hyrax”, “hindgut fermenter 
primates” and “large hindgut fermenters” (ungulates). The “non-ruminating foregut 
fermenters” are separately displayed as “sloth”, “foregut fermenter primates”, 
“macropods/peccaries” and “hippos”.
Fig 2 Metabolic faecal nitrogen (% faecal nitrogen, FN) as a function of faecal nitrogen (% 
organic matter) of the investigated 48 species (correlation coefficient for all species: b=0.53, 
p<0.001). Groupings as in Fig. 1.
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Fig 1 Faecal nitrogen (% organic matter, OM) as a function of body mass (kg) of the 
investigated 48 species (correlation coefficient for all species: b=-0.51, p<0.001). 
“Coprophageous hindgut fermenters” are named “caecum fermenter”. The “non-
coprophageous hindgut fermenters” are separately displayed as “hyrax”, “hindgut fermenter 
primates” and “large hindgut fermenters” (ungulates). The “non-ruminating foregut 
fermenters” are separately displayed as “sloth”, “foregut fermenter primates”, 
“macropods/peccaries” and “hippos”.
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Fig 2 Metabolic faecal nitrogen (% faecal nitrogen, FN) as a function of faecal nitrogen (% 
organic matter) of the investigated 48 species (correlation coefficient for all species: b=0.53, 
p<0.001). Groupings as in Fig. 1.
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